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The local coordination structures around the doping Yb?1 ions in sodium and potassium halides were calculated

by using the first-principles supercell model. Both the cases with and without the charge compensation vacancy in

the local environment of the doping Yb?t were calculated to study the effect of the doping on the local coordination

structures of Yb2t. Using the calculated local structures, we obtained the crystal-field parameters for the Yb2t ions

doped in sodium and potassium halides by a method based on the combination of the quantum-chemical calculations

and the effective Hamiltonian method. The calculated crystal-field parameters were analyzed and compared with the

fitted results.

Keywords: sodium and potassium halides, local coordination structure, distortion, crystal-field pa-

rameters
PACS: 71.15.Mb, 71.20.Eh, 78.20.—¢, 78.20.Bh

1. Introduction

Lanthanide-ion doped luminescent materials have
attracted much attention for decades due to their
wide applications in fluorescence lighting, displays,
and scintillator detectors.['=3] The optical properties
of luminescent materials depend not only on the lan-
thanide ion as the dopant, but also strongly on the
host.[* Usually the local structural information pro-
vides an important guide for understanding the exper-
imental results and helps in the design of luminescent
materials.[>~7 For example, the distortion in the local
environment of the doping lanthanide ion may allow
certain emission transitions,!8! and also may split or
shift the absorption and the emission bands.

Although there are large numbers of experimen-
tal studies to explore their structural and lumines-
cence properties,!=9 the local coordination struc-
tures around the doping lanthanide ions cannot be
obtained by direct experimental measurements. The
first-principles calculations can provide structural in-

formation about the doped systems.[10—14]
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The energy levels and the transition intensities of
lanthanide ions in crystals can be effectively simulated
with a crystal-field (CF) Hamiltonian and the elec-
tric dipole operator, which involves many parameters
relied on fitting to experimental spectroscopic data.
Reid et al.>=18] put forward a method to obtain the
CF parameters by making use of the energies and the
wavefunctions of the first-principles calculations. This
method does not rely on the prior experimental spec-
troscopic data but requires the detailed local structure
of the lanthanide ion in the host.

The Yb2?*-doped M X series (M = Na and K; X
= F, Cl, Br, and I) are chosen as the model systems
in this study, since the hosts are of very high sym-
metry with well known structures, and the CF energy
levels and the transitions of Yb?t are sensitive to the
local structure and well-characterized.'9~2 There is
an M+ (M = Na and K) vacancy for charge com-
pensation, which may be near or far away from the
dopant, and the asymmetry in the environment of
the Yb%* ion may have some effect on the optical
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transitions.['920] We firstly study the local coordina-
tion structures around the doping ions for the Yb?+-
doped M X series (M = Na and K; X = F, Cl, Br
and I) by performing the calculations using the su-
percell model, and then calculate the CF parameters
for these systems and compare the parameters with
the ones obtained by least-square fitting to the ex-
perimental data.?!) We also discuss the effect of the
local-structure distortion on the CF and the emission
properties of the Yb?t-doped M X series.

2. Computational details

The relaxations of the lattices for M X and the
Yb?*-doped M X series have been performed by us-
ing the Vienna ab initio simulation package (VASP)
program.[?2=23] The 3s' electron on Na, the 3p®4s’
electrons on K, the 2s22p® electrons on F, the 3s23p°
electrons on Cl, the 4s24p® electrons on Br, the 5s25p°
electrons on I, and the 5p%6s? electrons on Yb were
treated as the valence electrons, and their interac-
tions with the cores were described by the projected
augmented wave (PAW) method.[?*) The GGA-PW91
exchange—correlation functional has been employed.
The ion relaxation was performed using the conjugate
gradient technique. Besides, the stopping criterion in
energy change per step for the ionic motion was set to
be 10~ eV, and the forces acting on the atoms for the
relaxation of the atomic positions were checked to be
less than 10~% eV /A. The integration within the Bril-
louin zone was performed with a I'-point centered grid
of k points. The number of the irreducible k& points
was chosen to be three for the supercell, and eight
for the unit cell. Other parameters of the relaxation
studies were set at the standard values of the program.

Firstly, the structural optimization was carried
out for the pure M X lattices by starting with the mea-
sured lattice parameters. Then the Yb?T-doped M X
was modeled by a 2x2x2 supercell containing 64 (or
63 for the case with a charge compensation vacancy)
atoms, in which the center M atom was substituted
by an Yb atom. Due to the difference between Yb2+
and M in charge, the effect of the charge compen-
sation should be taken into account. We considered
the following two cases: the 2x2x2 supercell with +1
in total charge for the case when the compensation
charge vacancy was far away from Yb2T (case 1); and
the 2x2x2 supercell with 0 in total charge for the case
with a charge compensation vacancy at the nearest
cation site around Yb2T (case 2). For both cases, the

atomic coordinates and the lattice parameters were
fully relaxed without any constraint on symmetry.
Based on the optimized local coordination
structures around the Yb?'t ions, the clusters
(YbMi2X6)8* (case 1) and (YbM;1X6)™t (case 2)
embedded in the microcrystals (containing about 1500
host ions) of the M X host lattices were chosen to per-
form the quantum-chemical self-consistent relativistic
DV-X, calculations.?>26! The CF parameters for 4f
and 5d orbitals were then calculated from the DV-X,,
energies and the wavefunctions by using the effective
Hamiltonian method developed by Reid et al.['5=17]
The following is a brief description of this method.
The molecular orbitals, i.e., the eigenfunctions
of the one-electron DV-X,, Hamiltonian, contain not
only the center-ion atomic orbitals, such as 4f and 5d
orbitals of Ln3T here, but also the atomic orbitals for
ligands. All the fourteen 4f (ten 5d) base functions are
used to form the 4f (5d) model space. According to
the quantum-chemical calculations, the matrices for
both the fourteen (ten) eigenvalues with the largest 4f
(5d) components and the corresponding eigenvectors
projected into the model space are chosen to construct
H,g for the 4f (5d) model space. This Heg is then ex-
panded in terms of a complete set of parameters and
operators describing the effective interactions in the
4f (5d) model space. Consequently, the 4f (5d) CF

parameters are extracted in a straightforward way.

3. Results and discussion

The calculated lattice parameters of the pure M X
crystals are listed in Table 1 together with the ex-
perimentally measured lattice parameters. It shows
that the calculated lattice parameters are in good
agreement with the measured ones. This serves as a
check of the accuracy of the structural optimization.
In Table 2, we summarize the calculated Yb2+-X—
bond lengths for the Yb?*-doped M X series in case 1,
and compare them with the calculated MT—X~ bond
lengths and the sums of the Shannon ion radiil®? of
MT (Yb?T) and X~. From the relaxation result in
case 1, we find that the doping does not cause any
distortion to the local coordination structure, and the
site symmetry of the Yb?t ion remains Op. How-
ever, the Yb?T—X~ bond lengths are short compared
with the MT-X~ bond lengths. In the NaX:Yb?*t
series, the calculated Yb?T—X~ bond lengths are just
slightly smaller than both the calculated Nat-X—
bond lengths and the sums of the ion radii of Yb?* and
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X . However in the KX: Yb?T series, the calculated
Yb?t-X~ bond lengths are much smaller than both
the calculated K™—X~ bond lengths and the sums of
the ion radii of K™ and X~ as a result of the bigger
difference in the ion radius between Yb2T and K¥.
The Yb?t—X~ bond lengths are still very close to the
sums of the ion radii of Yb?T and X~ as expected.
In case 1, the 2x2x2 supercells chosen to simulate
the situation with the charge compensation vacancy
far away from the doping Yb?*t are not neutral (+1
in total charge). This might make the obtained ge-
ometries deviate from the real ones. To examine the
influence of the net charge on the optimized result in
case 1, we consider the case (case 3) of the 2x2x2
Yb2*-containing NaCl supercell with a Nat vacancy
at the farthest site from Yb%t. Two optimizations,
one with and the other without the restriction of sym-
metry, are carried out. The optimized bond lengths
are listed in Table 3 and compared with those in case
1. It can be seen that the deviation of the optimized
Yb?t-C1~ bond length from that of case 1 is less than
0.3%, much less than the typical systematic error of
1-3% for the DFT-PW91 method adopted. In order
to keep the structural symmetries of the supercells,
we still adopt the optimized results of case 1 for the
M X:Yb?T series to simulate the situation where the

vacancy is far away from Yb?*.

Table 1. Calculated and the corresponding measured lat-
tice parameters for M X. Units are angstrom (A).

Lattice parameters ~ Measured[27—32] Calculated
NaCl 5.640 5.673
NaBr 5.974 6.015
Nal 6.479 6.515
KF 5.367 5.467
KCl1 6.299 6.413
KBr 6.585 6.731
KI 7.030 7.206

Table 2.
ous M X:Yb2t without surrounding charge compensation va-

Bond lengths and sums of ion radii for vari-

cancy (case 1), where Ry;+, Rx—, and Ryy2+ are the Shan-
non ion radii of M*, X, and Yb21, respectively, R+ =
1.020 A, Ry = 1.380 A, Ryp2t = 1.020 A, Rp— = 1.330 A,
Ro- = 1.810 A, Rp,— =1.960 A, R;— = 2.200 A are used
in the table. Units are angstrom (A).

MX M*t-X~ Yb>*-X~ Ryy + Ry Rypet +Rx-

NaCl  2.837 2.717 2.830 2.830
NaBr  3.007 2.885 2.980 2.980
Nal 3.258 3.126 3.220 3.220
KF 2.734 2.282 2.710 2.350
KCl1 3.207 2.781 3.190 2.830
KBr 3.366 2.946 3.340 2.980
KI 3.603 3.187 3.580 3.220

Table 3. Calculated bond lengths for case 3 of the 2x2x2 Yb2T-containing NaCl supercell with a Nat
vacancy at the farthest site from Yb?*t. Units are angstrom (A).

Case 3
Bond length Case 1 With constriction of Without constriction of
symmetry symmetry
Yb2t-Cl~ 2.717 2.725 2.725
Yb2T-Nat 4.050 4.112 4.112

In case 1, we are mainly concerned with the
changes of the cation—anion bond lengths induced by
the doping. According to Ref. [20], the reported lu-
minescence spectrum of NaCl: Yb?*t is composed of
two emission bands, the lower-energy emission band
(denoted as II, with a peak at 432 nm) has a steady
low temperature decay rate of ~ 700 s~'. Theoret-
ically, the emission band II is related to the spin-
triplet initial states of the E, and the Tsg, levels of
the Yb?* ion, whose electric-dipole transitions to the
spin-singlet ground state are forbidden by the selec-
tion rules of spin and Oj symmetry. The experimen-
tal result indicates that there may be distortion in the
local environment of the doping Yb?t ion. Conse-

quently, for the Yb*t-doped M X system, there may
be a charge compensation vacancy in the local envi-
ronment of the Yb?+ ion. When the vacancy locates at
a cation site far away from the dopant site, its effect on
the doping ion is weak. A qualitative consideration2!]
indicates that the total energy of the system favors a
vacancy at the nearest cation site of the dopant site.
So we consider case 2, where the charge compensation
vacancy is put at the nearest cation site of the doping
Yb2T ion.

The calculated local coordination structure
around the doping Yb?* ion in NaCl: Yb?* of case 2
is presented in Table 4 and also illustrated in Fig. 1.
With a compensation vacancy at the nearest cation
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site, the local site symmetry of the doping Yb%* is
reduced from Oy to Cy,, in which the Cy axis passes
through the Yb2* site and Nall, as shown in Fig. 1.
Here we analyze the case of NaCl: Yb?* in detail. In
general, the Nat vacancy distorts the local coordina-
tion structure around the doping Yb2T ion. The cal-
culated Yb2t—Cl~ bond lengths fall into three types
of length values, 2.696 A, 2.739 A, and 2.754 A re-
spectively. The calculated Yb—CI1 and Yb—CI2 bond
lengths (2.696 A) are shorter than the calculated
Yb?+-Cl~ bond length in case 1 (2.717 A), while
the Yb-Cl13 and the Yb-Cl4 bond lengths (2.739 A)
as well as the Yb-Cl5 and the Yb-Cl6 (2.754 A)
bond lengths are longer. In addition, the calculated
Cl-Yb—Cl bond angles are not 90° anymore. For ex-
ample, the calculated bond angle C11-Yb—CI2 widens
to 96.3°, while Cl5-Yb—Cl6 narrows to 87.2°. Both
bond angles Cl1-Yb—Cl15 and CI2-Yb—Cl6 narrow to
88.3°.
tion structure, we can see that all the six nearest

According to the calculated local coordina-

Cl~ ions around the doping Yb2T ion tend to stay
away from the Na® vacancy. This is conceivable, as
there is a lack of the Coulomb attraction from the
missing Na™ ion for the nearest Cl~ ions. From an-
other point of view, it can be seen that if the local
coordination ions are approximately fixed, the Yb2+
ion then tends to move slightly towards the Nat va-
cancy. The barycenter of the six nearest Cl~ ions
is at the location (—0.060, —0.060, 0) when Yb2?* is
set as the origin of the coordinative system. This
means that Yb?* shifts diagonally on the zy plane to
(0.060, 0.060, 0) with respect to the barycenter of the
six surrounding Cl~ ions. The distortions appeared
in the other Yb?*-doped M X crystals are similar to

Table 4. Calculated local coordination structure of NaCl:
Yb2t with a charge compensation vacancy at one of the
nearest Nat sites (case 2), where x, y, and z are the ion co-

ordinates, d is the Yb—Cl bond length. Units are angstrom
(A).

Atom T Y z d
Yb 0.000 0.000 0.000 0.000
Cl1 —0.147 2.692 0.000 2.696
Cl2 2.692 -0.147 0.000 2.696
Cl3 -0.044 -0.044 2.738 2.739
Cl4 -0.044 -0.044 —2.738 2.739
Cl5 —2.753 —0.067 0.000 2.754
Cl6 -0.067 —2.753 0.000 2.754

that in the case of NaCl: Yb?*. This important in-
formation on the local coordination structures cannot
be obtained directly from the experimental results, al-
though they are useful for the calculations of CF en-
ergy level splittings, 4f-5d electric dipole strength, and
electron paramagnetic resonance of the Yb?* ions in
the MX: Yb2* series.

Fig. 1. Calculated local coordination structure around
the doping Yb2* ion in NaCl: Yb2® with a charge com-
pensation vacancy at one of the nearest Na™ sites (case 2).
The white ball labeled vac represents the Nat vacancy.

Once the calculated local coordination structures
around the Yb2* ions in MX: Yb?t are obtained,
the CF parameters for the Yb?* ions doped in the
M X crystals can be derived by the method mentioned
above. In this work, we are interested in the CF
parameters of the 5d orbitals. For the Yb2*-doped
M X series in case 1, the calculated 5d CF parameters
B are shown in Fig. 2, compared with the fitted re-
sults reported in Ref. [21]. In case 1, the Yb?T ions
occupy the sites of Op symmetry. The nonzero 5d
CF parameters are Bj and Bi. Note that for the
Oy, symmetry, the ratio of B} to Bj is fixed, i.e.,
n = B}/B$ = \/5/14. So we only give the B val-
ues. It can be seen that Bj decreases across the
Yb%*-doped sodium (potassium) halide series. Be-
sides, for the same halogen element, B¢ of the Yb2*-
doped sodium halide is larger than that of the Yb?*-
doped potassium halide. The trend of the decrease of
the CF parameter with respect to the increase of the
Yb?*-X~ bond length is illustrated in Fig. 2. Our
calculated results are qualitatively in good agreement
with the fitted results, in consideration of the precision
of the DV-X,, calculations.
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Fig. 2. Calculated CF parameter Bé of the Yb2*-doped
M X series without surrounding charge compensation va-
cancy (case 1), compared with the ones obtained by least-
square fitting to the experimental data in Ref. [21].

In case 2, as the charge compensation vacancy is
near Yb%* | the local site symmetry of the doping Yb?*
ion is reduced to Cy,. The nonzero 5d CF parameters
are B2, B2, B3, B3, and B}. All the calculated 5d CF
parameters of the Yb?* ions doped in the M X series
are listed in Table 5. It can be seen that although the
compensation vacancy and the local structural distor-
tion exist in the environment of the doping Yb2?* ion

in case 2, the main parts of the CF parameters, i.e.,
B} and B§, change only slightly compared with those
in case 1. The ratios (n) of B} to Bj for the Yb?*
sites in the Yb?T-doped M X series are also listed in
Table 5. The ratios show that the deviation of the
CF parameters from those of the Oy, cases is small.
Besides Bj and Bj, other parameters B3, B3, and Bj
are also obtained, which turn up due to the deviation
from the Oy, site symmetry and as the result of the
vacancy and the distortion. The values of these low-
symmetry parameters agree qualitatively with those
reported in Ref. [21] for the case including the va-
cancy but not the distortion due to the introduction
of the vancancy. The reduction of the site symmetry
of the doping Yb?*t ion induced by the small distor-
tion has a small but nontrivial effect to the emission of
the Yb?T-doped M X series, i.e., it induces the split-
tings of the CF energy levels (such as E, and Ta,
energy levels mentioned previously) and the mixing
among the states. Consequently, the transitions from
the low-energy excited states of 4f'35d become par-
tially allowed, although they are forbidden under the
O}, symmetry approximation.

Table 5. Calculated 5d CF parameters for the Yb2t-doped M X series with a charge compensation vacancy

at one of the nearest Na¥ sites (case 2). For O, symmetry, n = B}/Ba = 0.598. Units are cm™1.

1

Parameters NaCl NaBr Nal KF KCl KBr KI
B2 —481 —387 —247 —819 —572 -500 —470
B2 -568 -12 120 359 —253 -121 88
Bg 26375 21744 18661 37668 23802 19980 16208
B3 952 -15 -140 —674 241 -16 -339
Bfll 15415 12863 10704 20847 14725 12100 9611
n 0.585 0.592 0.574 0.553 0.619 0.606 0.593

4. Conclusion

In summary, we have calculated the local coordi-
nation structures and the CF parameters of the Yb?T
doped in the M X (M =Naand K; X =F, Cl, Br, and
I) crystals. The results show that 1) for the case with-
out a nearest cation charge-compensation vacancy, the
doping causes a contraction of the Yb?*—X~ bond
lengths with respective to the MT—X~ bond lengths;
2) for the case of charge compensation with a vacancy
at the cation site nearest to Yb2T, there is a clear lo-
cal coordination structure distortion, which has been
given explicitly; 3) the trend of the variation of the CF
parameters calculated for the Yb?*-doped M X series
is in good agreement with those values determined by

fitting to the measured levels. The method presented
in this paper can be used to predict the effect of the
local structural distortion on the CF splitting and the
4f-5d transitions of the doping lanthanide ions.
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